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Introduction
Anaerobic digestion of wastes, in particular solid wastes, results in the solubilization of organic and inorganic salts. The inhibitory effect of accumulating salts on the methanogenic microbiota in the anaerobic digester is a problem that is not well understood. One of the ions that always accumulates and that has been shown to be toxic to methanogenic Archaea is sodium.
Although sodium is essential for bacterial growth (Dimroth and Thomer, 1989) , high sodium concentrations increase osmotic stress that can result in decreased cell activity and cell plasmolysis (Uygur, 2006) . The occurrence of high sodium concentrations in an anaerobic reactor can generally be attributed to a high sodium concentration in the influent waste stream or sodium addition during operation of the digestion process. As a result of using sodium salts as an additive in a unit process such as food or bio-diesel production, high in sodium concentrations are generated. Industries, such as the seafood processing industries, utilize raw materials containing high sodium salts resulting in the generation of a salty wastewater. High sodium concentrations in an anaerobic digester can also arise from the addition of alkaline solution in the form of sodium hydroxide (NaOH), sodium carbonate (Na 2 CO 3 ) or sodium bi-carbonate (NaHCO 3 ) to neutralize acidity during start-up and operation.
Although anaerobic digestion of saline wastewaters such as effluents from tannery industries (Lefebvre et al., 2006) , seafood-processing (Omil et al., 1995) and oil and gas production (Ji et al., 2009) have been studied, solutions to the problem of inhibitory high sodium salts are still limited. One way of tackling the sodium salts problem, is by allowing the anaerobic sludge to acclimate to high sodium concentrations (Vyrides et al., 2009 ), but this technique requires time for the methanogens to adapt to the saline conditions which in turn results in a prolonged period 3 before the anaerobic reactor can achieve its full-loading capacity. Mendez et al. (1995) stated that a start-up period of nine months was required for the adaptation of anaerobic sludge to effectively treat saline seafood-processing wastewater. The use of halophilic methanogens as an inoculum has also been reported as an approach to deal with high sodium salts problems (Riffat and Krongthamchat, 2007) . However, in a practical sense, it may be difficult to obtain halophilic methanogens for anaerobic reactors located far from the sea. One possible organic compound, which can cause antagonism against sodium toxicity, is glycine-betaine (GB) (Yerkes et al.,
1997; Vyrides et al., 2010). GB (CH
, also known as betaine, is a trimethylated derivative of glycine (Rudulier and Bouillard, 1983) . GB is one of the "compatible solutes"
involved in osmoregulation at high osmotic pressure in many plants (Oishi and Ebina, 2005 ) and halophilic methanogens (Robertson et al. 1990; Lai and Gunsalus, 1992 
Materials and Methods

Inoculum sources and grass leaves
Turf soil samples were used as source of methanogens (Suwannoppadol et al., 2012 
Preparation of sterilized grass leaves, sterilized grass juice, filtered grass juice, and ash from grass leaves
Mix-species of grass leaves were collected at least 2 cm above the soil profile to minimize contamination by the soil. To prepare sterilized grass leaves, 5 g of grass leaves were autoclaved To prepare a solution of ash from grass leaves, 5 g of grass leaves was combusted in a furnace at 550 ○ C for 24 h. The ash was dissolved in 50 mL of culture medium and neutralized by addition of 1M HCl. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   6 
Experimental design
Experiments were conducted in duplicate 100 mL serum vials (Wheaton) sealed with butyl rubber stoppers and aluminum crimps at 55 ˚C or the mesophilic experiment at 37 ˚C. To establish anaerobic conditions, the headspaces of all serum vials were flushed with N 2 /CO 2 (80%/20%) for 30 seconds. All samples were incubated in a water bath (Paton, model RW 1812) with shaking (30 oscillations/min). All serum vials were depressurized to atmospheric pressure after the first hour of incubation. The volume of biogas produced was measured using a 50 mL glass syringe (Popper & Sons, Inc.).
Analysis
For VFA analysis, 0.25 mL of liquid sample was removed via syringe through the rubber seal of the serum test vials. The supernatant was centrifuged at 12,000 rpm for 5 min (Hermle Z233M2) to obtain a clear solution Betaine in grass leaves was analyzed by ChemCentre, Perth, Western Australia, a nationally accredited analytical laboratory. Betaine present in grass leaves was analyzed by using a combination of liquid chromatography and mass spectrometry (LC-MS). For grass extraction, 0.25 g of grass leaves sample was extracted with 10 mL of 50% methanol. After filtration, the extracted grass solution was transferred to HPLC for LC-MS analysis. HPLC was done with a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 8
In the presence of 1.8 g Na + /L, approximately 1.53 L/L of methane was produced, which is comparable to the expected theoretical methane production (1.9 L/L) from the acetate (80 mM) (Fig. 1) . The spontaneous methane production at 1.8 g Na + /L confirms the previously published observations that sufficient thermophilic acetate degrading methanogenic consortia are present in turf grass soil to enable a swift start-up of thermophilic anaerobic digestion (Suwannoppadol et al. 2011 ). Methane production and acetate degradation was completely inhibited in the presence of 330 mM (7.8 g Na + /L).
Decrease of sodium toxicity in mesophilic and thermophilic anaerobic digestion by utilizing grass clippings
The addition of mix-species of grass clippings caused a five-fold increase in total methane produced ( Fig. 2A ) compared to the control that contained non-inhibitory sodium (1.8 g/L sodium) and no grass clippings ( Fig. 2A) . This increased methane production resulted from the grass clippings providing additional substrate for methane production ( Fig. 2A) . As expected, a test with just grass clippings and no acetate showed also high levels of methane formation ( Fig.   2A ).
In mesophilic experiments with grass leaves as a co-substrate , sodium toxicity on methanogenic acetate degradation was also reduced (Fig. 2C and 2D ).
The fact that in the absence of grass clippings, more methane was formed than expected from acetate conversion alone can be explained by residual organics present in the inoculum (anaerobic digester sludge). Leaves of Stenotaphrum secundatum, Cynodon dactylon, and
Zoysia japonica as co-substrates also enabled thermophilic methanogenesis in the presence of 7.8 g Na + /L (Fig. 3) . 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   9 The concept of co-digestion to decrease sodium toxicity during the anaerobic digestion of cow manure has already been described. Fang et al. (2011) studied the effects of co-digestion of desugared molasses (DM), containing high concentrations of sodium and potassium ions, with cow manure. The authors reported that methane yield from anaerobic digestion of a mixture 15% DM in cow manure was 190 ml-CH 4 /gVS-added, which was approximately 50% higher than that of a mixture of 15% DM in water. Reasons as to which compounds in cow manure caused this effect were not given. The results of the current study point to the possibility that digested grass residue present in cow manure could play a role in the decrease of sodium toxicity in the above study.
Effects of sterilized grass juice and filtered grass juice on methane production in presence of high sodium concentration
Since fresh grass leaves contain significant numbers of thermophilic methanogens (Suwannoppadol et al., 2012) , it was necessary to investigate whether the decrease in sodium inhibition was due to microorganisms on grass leaves or compounds within the leaves. Again, at 7.8 g Na + /L, there was no methane production when acetate was used as the sole carbon source , while in the presence of sterilized grass juice, significant methane was produced (2.5 L/L) (Fig. 4A ) during three weeks of incubation. Filtered grass juice enabled acetate driven methanogenesis in the presence of sodium (7.8 Na + /L) (Fig. 4A ). This suggests that chemical species in the grass rather than microorganisms on the grass leaves were responsible for alleviating sodium toxicity.
Effects of potassium and ash from grass leaves on sodium inhibition in anaerobic digestion
To test whether the reduction in sodium toxicity imparted by grass juice was due to inorganic substances such as antagonistic cations (i.e. potassium), the ash of 5 g of grass leaves was tested and found to not overcome the described sodium inhibition of methanogenic acetate conversion (Fig. 5) . Also potassium salt additions of 10, 25, and 50 mM were not able to counteract the sodium inhibition (80 mM) (Fig. 5) .
It can be concluded that inorganic compounds in grass leaves and, in particular potassium, are not responsible for the antagonistic effects towards sodium toxicity in the current study. This is in disagreement with previous work reported by Kugelmam and McCarty (1964) who showed that adding potassium (6 g K + /L) to an anaerobic digester, in the presence of 6 g Na + /L, led to an increase in acetate degradation from 90 to 95%. When testing for the minimum concentration of grass extract needed to overcome sodium toxicity, it was found that an extract concentration of 10% (extract of 5 g of grass in 50 mL of medium) had the full effect while the addition of 1% or 0.1% extract had no significant effect (data not shown).
11
Effects of glycine-betaine (GB) on sodium toxicity in thermophilic anaerobic digestion
Vyrides et al. (2010) investigated the effects of different GB concentrations (0.1 and 1 mM) on the decrease in sodium toxicity (35 g NaCl/L equivalent to about 13. 8 g Na + /L) during batch anaerobic digestion using sewage sludge as an inoculum and found that the amount of methane produced were approximately three times higher when GB was added. GB is present in various plant species in particular halotolerant plants (Ashraf and Foolad, 2007) and has also been found in some turf grass species (Marcum and Murdoch, 1994) .
Results showed that in the presence of 7.8 g Na + /L sodium, methane was produced particularly in the presence of 10 mM glycine betaine ( found that GB at concentration 1 to 10 mM were effective in increasing methane production in the presence of sodium concentrations (about 17 g Na + /L).
The analysis of the GB content of fresh grass leaves showed a GB content of 3.9 mg g -1 . This concentration would have provided a theoretical concentration of 3.3 mM in the digestion assays that included grass leaves. Such a concentration would have been in the range that resulted in a decrease of sodium toxicity.
Conclusion
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